We examined the ability of kinesin to support the movement of adrenal medullary chromaffin granules on microtubules in a defined in vitro system. We found that kinesin and ATP are all that is required to support efficient (33% vesicle motility) and rapid (0.4-0.6 ,.m/s) translocation of secretory granule membranes on microtubules in the presence ofa low-salt motility buffer. Kinesin also induced the formation of microtubule asters in this buffer, with the plus ends of microtubules located at the center of each aster. This observation indicates that kinesin is capable of promoting active sliding between microtubules toward their respective plus ends, a movement analogous to that of anaphase b in the mitotic spindle. The fact that vesicle translocation, microtubule sliding, and microtubule-dependent kinesin ATPase activities are all enhanced in low-salt buffer establishes a functional parallel between this translocator and other motility ATPases, myosin, and dynein.
that of kinesin-coated beads translocating along MTs, indicating that kinesin alone in the presence of low salt can initiate and sustain the anterograde translocation of membranous organelles without the requirement of other soluble factors or proteins. In addition, we found that purified kinesin promotes physical interactions between adjacent, freefloating, microtubules leading to spontaneous formation of large astral arrays. These asters supported the inward movements of kinesin-coated beads or chromaffin vesicles, indicating that they are uniformly polarized with the MT plus ends gathered at their centers, an organization opposite to that found in cells. However, the relative motion between the individual MTs is analogous to the movements presumed to occur in the mitotic spindle during anaphase b. The implications of these kinesin-mediated movements in MT organization and MT-based cellular functions are discussed.
Kinesin is a mechanochemical enzyme (1) that supports the unidirectional movements of latex beads on microtubules (MTs) in vitro, and it is thought to translocate cytoplasmic organelles towards the plus ends of MTs in cells (2) . Monoclonal antibodies directed against kinesin stain specifically small punctuate, vesicular structures in tissue culture cells (3) . These antibodies also appear to inhibit the ATPdependent movements of particles in cell or tissue homogenates (4) . Despite these important observations, all of the in vitro assays designed to examine kinesin-mediated organelle movements have been conducted with axoplasmic or cellular extracts (2) . Because these extracts are biochemically diverse and undefined, it is not clear whether kinesin alone can support MT-based organelle movements or if additional cytoplasmic components are required. Indeed, Schroer and co-workers (5) have reported that kinesin is unable to initiate movements of purified vesicles unless axoplasmic supernatants are added subsequently to the assay, suggesting a requirement for undefined "soluble factors." For these reasons it is important to establish a simplified in vitro system with which to study kinesin's role as an organelle and MT translocator. We utilized the chromaffin cells of the bovine adrenal medulla because they are one of the bestcharacterized examples of vesicular secretion and contain large amounts of kinesin (6). Here we report that exceptionally pure adrenal kinesin supports the ATP-dependent movements of purified chromaflin granule ghosts along MTs preattached to a substrate in the presence of a low-salt buffer, a condition that had been demonstrated previously to support high levels of MT-activated ATPase activity (7) (8) (9) (10) Cohn et al. (11) or in imidazole buffer with tripolyphosphate as described by Kuznetsov and Gelfand (8) . MTs were prepared by two cycles of polymerization (7) . Contaminating MT-associated proteins (MAPs) were removed by a high-salt wash with 0.5 M Pipes followed by phosphocellulose chromatography (12) .
Chromaffmi Granules. Adrenal chromaffin granules were prepared from bovine adrenal medulla by the method of Smith and Winkler (13) . The chromaffin granule preparation was determined to be >95% pure by both light microscopy and thin-section electron microscopy and contained <0.01% kinesin as determined by immunoblotting. Since the intact granules were too refractile for observation, granule membrane "ghosts" were prepared by osmotic disruption in 15 mM Tris HCl and washing in motility buffer.
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stabilized MTs were immobilized on a microscope slide pretreated with 10 mg of low molecular weight poly(Lornithine) per ml (Sigma). For granule-motility assays, granule membranes were preincubated with kinesin at 2 tLg/ml and applied to the immobilized MTs in the motility buffer. Before adding the vesicles, the anchored MTs were tested for movement with motility buffer and kinesin; <3% of the MTs showed gliding movements on the poly(L-ornithine)-treated glass surface. For the observation of aster formation, motility buffer containing kinesin at 2 jug/ml and 5 uM polymerized tubulin was used; however, the MTs were not attached to the coverslip with poly(L-ornithine). Microscopic observations were made in the differential interference contrast mode using a Zeiss Axiomat microscope equipped with a Newvicon Dage-MTI 70 video camera (Dage-MTI, Michigan City, IN).
RESULTS
Effect of Salt Concentration. The relationship of MTactivated kinesin ATPase and kinesin-dependent bead movement was first examined in the presence of 15 granule membranes contained a minimal amount of bound kinesin (<0.01%). Analysis of video-microscopic images (Fig. 2) showed that vesicles in Brownian motion bound to
MTs and translocated at rates of 0.4-0.6 ,um/s (Table 1) Fig. 1) .
MT Sliding and Aster Formation. During the course of our studies, we also observed that purified kinesin promoted interactions among MTs in solution that led to the spontaneous and rapid formation of large asters (Fig. 3) . This occurred within 5 min regardless of whether or not the preparations contained latex beads or vesicles. MT aggregation required ATP and was inhibited by tripolyphosphate (8), indicating that it was due to kinesin. When beads (Fig. 4) (5), which could denature surface proteins (22) . Furthermore, vesicle movement did not occur in the absence of both kinesin and ATP. Although our vesicles were not stripped beforehand with chaotropic salts, it is clear that under the conditions of low salt employed in our assays, soluble cytoplasmic proteins as such are not required for vesicle translocation in this defined in vitro system. However, our observations do not preclude the possibility that a factor tightly associated with the granule membrane is a4,.|ssX volve sliding and recruitment of the plus ends of MT into an organized focus (Fig. 5A) , the mechanism of crosslinking and Cell Biology: Urrutia et al.
Proc. Natl. Acad. Sci. USA 88 (1991) sliding has not been determined. It is possible that the accumulation of kinesin at the aster center results in a concentration high enough to prevent the dissociation and separation of MTs. Sliding could be mediated by kinesin aggregates, bipolar filaments, or possibly by single kinesin molecules with independently acting heads. Aster formation, like vesicle motility, was observed to be inhibited by >70 mM KCI or potassium aspartate. Since kinesin forms asters with reversed polarity, one wonders if cytoplasmic dynein (21), a double-headed retrograde motor, can induce asters with MT in the normal "plus-end-out" orientation. Finally, we should point out the similarity in the size and rate of formation of kinesin-induced asters with the asters that form in an ATPdependent manner in preparations of cycled MT protein (23) . Again, the relationship between these two different processes has not been examined. Our observations of aster formation suggest that another function of kinesin may be to support active sliding between MTs, and it is interesting to speculate that kinesin-dependent aster formation may be related to the force-generating mechanisms for spindle assembly and function in mitosis. Kinesin has been localized in the mitotic spindle by immunofluorescence microscopy (24) (25) (26) , and proteins with extensive homology to kinesin have recently been implicated in mitosis through mutant analysis in yeast (27) , Aspergillus (28) , and Drosophila (29) . Since the polarity of MT interactions during kinesin-induced aster formation (Fig. 5A) is the same as that between MTs in the central spindle, it is possible that a mechanism based on kinesin-dependent sliding of MTs is involved in anaphase b movements during mitosis (Fig. 5B) .
A significant finding of this work is that vesicle translocation, aster formation, and MT-dependent ATPase activity are all optimal in buffer containing <70 mM total salt. It is likely that the affinity of kinesin for MTs is increased by lowering the salt concentration. Preliminary data indicate that 50 mM KCl increases the Km for ATP 2.9-fold, from 14 to 40 IAM ATP. It is interesting to note that the initial experiments showing organelle movements in dispersed axoplasm required a 1:1 dilution of the normal salt buffer (30) , and published reports consistently show that MT-activated ATPase activity measured in high-salt buffers (7) (8) (9) (10) is lower than in low-salt conditions by a factor of up to 100 (2, 6, 11, 31) . In this respect there is an interesting parallel between kinesin and other motility ATPases such as myosin and dynein, since binding and ATPase activity of these enzymes are low at physiologic ionic strength and are increased in low salt. Moos (14) reported that a decrease in ionic strength from 35 to 20 mM caused a >2-fold increase in actin binding affinity (Kapp) and in ATPase activity of myosin. This discovery allowed extensive analyses of the myosin ATPase mechanism and the basis for Ca2+-stimulated contraction in the presence of regulated actin filaments (17) . The argument advanced by Eisenberg and other muscle biochemists (14, 16, 17) is that the weak binding of actomyosin at physiologic concentrations of salt is compensated by the close packing of these contractile proteins in the muscle fiber. In a similar manner, the close association of organelles and MTs within segregated cytoplasmic domains (32) (33) and the dense packing of MTs in mitosis would produce an effective concentration of kinesin and MTs that may compensate for the weak binding of kinesin to MTs in situ. A low-affinity binding at physiologic ionic strength may explain the characteristic frequent interruptions of intracellular organelle translocations in living cells described as "saltatory" movements (34) . At high-salt concentrations in vitro, the movement ofbeads along MTs is characterized by frequent spontaneous release from the MT surface. This may be due to the fact that the binding of kinesin to MTs may barely offset the kinetic energy due to thermal motion of the beads dispersed in a low-viscosity medium. In fact, it has been shown that latex beads coated with only a few kinesin molecules could not be arrested from Brownian motion by simple collision with the MTs, whereas the simple physical micropositioning of such latex beads on the surface of the MTs using an optical tweezers could produce effective binding and movement (35) . Kinesin working at a low binding affinity could be advantageous for the cell, since it could serve as a safeguard system permitting easy detachment of the organelles to prevent disruption ofthe MTs or the other cytoplasmic structures by the shear force generated for the translocation.
As in the case of myosin, it seems unlikely that low salt induces a second artifactual mechanism of ATP-supported vesicle motility, since the polarity and velocity of both MT gliding and of bead and vesicle translocation remain unchanged in low-salt buffer. Thus, the use of low-salt buffers for studies of kinesin function appears to be appropriate and justified. We have already learned a great deal qualitatively about the kinesin motile mechanism, and the analogy with the contractile mechanisms of other motility ATPases promises to provide important new insights for future research.
